ABSTRACT.
The ambienttemperature rechargeable lithium/sulfur (Li/S) cell is a strong candidate for the beyond lithium ion cell, since significant progress on developing advanced sulfur electrodes with high sulfur loading has been made. Here we report on a new sulfur electrode active material consisting of a cetyltrimethylammonium bromidemodified sulfurgraphene oxidecarbon nanotube (SGOCTACNT) nanocomposite prepared by freeze drying. We show the realtime formation of nanocrystalline lithium sulfide (Li 2 Despite the great potential of the Li/S cell for high specific energy applications, it did not attract much interest in the battery community earlier, due to the drawbacks of the S electrode such as the poor electrical conductivity of S and Li 2 S, the volume change of S particles, polysulfides dissolution into liquid organic electrolytes and the polysulfide shuttle phenomenon only limited effort has been made to reduce the dead weight of the cells, which limits the obtainable specific energy. Therefore, intensive effort is necessary to reduce the dead weight for the Li/S cell in order to make it commercially attractive.
Among the cell components contributing to the dead weight, the electrolyte is very influential because it is an essential component for electrochemical operation, which means that reducing the electrolyte amount must be done thoughtfully. The design calculations ( Figure S1 ) clearly show that there is a significant opportunity for reaching 300 Wh/kg and more, when the S loading is 6 mg/cm 2 or higher with an electrolyte to sulfur weight ratio (E/S ratio) of less than 3.
Results and Discussion
In this work, the SGOCTA nanocomposite reported in our previous work 3 was further modified by embedding CNTs between the SGOCTA flakes to improve the electronic conductivity of the SGOCTA nanocomposite by acting as the electronic conduction pathway across the SGOCTACNT nanocomposite. The synthesized SGOCTACNT nanocomposite contained 87 % (w/w) of S which was confirmed by thermogravimetric analysis (TGA, Figure   S2 ). The morphology of the SGOCTACNT composed of the thin GO flakelike particles with embedded CNTs without any significant agglomeration of S, even with the high S content of 87 4 %. The uniform distributions of S, C, O and N on the flakelike particles were shown by scanning electron microscopy (SEM, Figure 1a ) and transmission electron microscopy (TEM, Figure 1b) with energy dispersive spectroscopy (EDS) elemental mapping. N is associated with the mixture of compounds derived from CTA. According to the Xray photoelectron spectroscopy (XPS) results, both samples (with and without CTA) showed peaks that correspond to the S 2p 3/2 and S 2p 1/2 , 30 however, only the SGOCNT nanocomposite showed two more peaks near 168.4 and 170.5 eV which are associated with oxidized (by air) sulfur (sulfate species), 31 whereas that of the SGOCTACNT nanocomposite did not show any peaks near 168~170 eV. Considering that XPS analysis is a surface sensitive technique, it is suggested that the mixture of compounds derived from CTA covers the S layer coated on the GO surface, so it may impede the surface oxidation of S or the oxidized S may be covered by a mixture of CTA derived compounds, resulting in no XPS peaks near 168~170 eV. In the Xray diffraction pattern (XRD, Figure 1d ), all sharp peaks correspond to the S phase (JCPDS #082047). Based on the α characterization results discussed above, the structure of the SGOCTACNT nanocomposite is suggested as illustrated in Figure 1e , showing the mixture layer of the compounds derived from CTA, the S and the GO flakes, layer by layer. α The SGOCTACNT electrode showed a better defined second discharge plateau than that of the SGOCTA electrode, which is attributed to the insertion of CNTs into the SGOCTA flakes ( Figure S3 ).
Homogeneous Li 2 S formation on the S electrode during the discharge process is one of the key issues for good electrochemical performance (due to the electrically insulating nature of Li 2 S)
since a thick accumulation of Li 2 S can impede the electrochemical reaction of the remaining S.
Therefore investigation into the reaction mechanism of S with Li ions is worthwhile for understanding the structural benefit of the SGOCTACNT nanocomposite. composite that allows more S to be involved in the electrochemical reaction, which is supported by the EIS results ( Figure S10 ), exhibiting lower cell impedance in both aspects of electrochemical reaction rate and mass transport compared to that of the SGOCTACNT electrode. To enhance the obtainable specific energy of the cells, the E/S ratio was reduced from 10 to 5 and the SGOCTACNT (FD) electrode was still capable of delivering high specific discharge capacity of up to 1200 mAh/gS at 0.2 mA/cm 2 , even as the E/S ratio was reduced to 5.
At the E/S ratio of 5, although the specific capacity of the electrode was little decreased compared to that obtained with an E/S ratio of 10 (1357 mAh/gS), the operating voltages of the cells was almost the same, which is also important for high specific energy ( Figure S11a Figure S12) . The E/S ratio of 4 represents significant progress among the high S loading electrode works which are listed in Table S1 , and is the lowest E/S ratio reported so far.
As a result, the high specific energy of 332 Wh/kg (excluding the weight of cell housing, assuming a 2 electrodes cell) can be achieved according to the design calculations.
To investigate the effect of ionic liquid (PYR 14 but also to stabilize the Li electrode during cycling. 41 As more S is loaded and utilized, meaning that more Li ions will be dissolved from and deposited to the Li electrode during cycling, the stability of the Li electrode becomes more important for good cycling stability of the cells.
In the comparison of the voltage profiles between the ionic liquidcontaining electrolyte cell and the conventional electrolyte cell, the ionic liquidcontaining cell showed a little larger discharge and charge overpotential and a smaller specific capacity at 0.2 mA/cm 2 , which can be attributed to the higher Li ion mass transport resistance of the ionic liquidcontaining electrolyte due to the high viscosity of the ionic liquid, according to the EIS results shown in Figure S13 .
Although the initial specific capacity of the ionic liquidcontaining electrolyte cell (1200 mAh/gS) is smaller than that of the conventional electrolyte cell (1357 mAh/gS), the cycling stability of the ionic liquidcontaining electrolyte cell is slightly better during 11 cycles than that of the conventional electrolyte cell. Especially, the excellent average Coulombic efficiency of However, the morphology of the cycled Li electrode was much smoother with the ionic liquid containing electrolyte (Figure 5d ). This is a very important benefit, since hampering Li dendrite formation and growth on the Li electrode during cycling is one of the key challenges for a practical Li metal electrode based rechargeable cell in order to avoid cell shorting. Consequently, it may be important to employ a certain amount of ionic liquid in the electrolyte to stabilize the electrochemical behavior of the cell without sacrificing specific energy.
In summary, the SGOCTACNT nanocomposite as a high performance cathode material for the Li/S cell was prepared and characterized. The realtime TEM observation results demonstrate that the nanoarchitecture of the SGOCTACNT composite results in the homogeneous formation of Li 2 S nanocrystals and helps to maintain its structural integrity during lithiation. showed a higher Coulombic efficiency and a more stable Li electrode during cycling. We beileve that the achievements reported here will brighten the prospects for practical Li/S cells.
Methods

Synthesis of SGOCTACNT nanocomposite
The SGOCTACNT nanocomposite was prepared via a modified synthesis process from our previouslypublished method. Briefly, 0.58 g of sodium sulfide powder (Alfa Aesar, Na 2 S, anhydrous) was dissolved in 25 mL of ultrapure water to form a Na 2 S solution. A sample of 0.72 g of elemental sulfur powder (Alfa Aesar, S, ~ 325 mesh, 99.5 %) was added to the Na 2 S solution and stirred with a magnetic stirrer at 60 °C until the solution became a transparent orange color (a sodium polysulfide (Na 2 S x ) solution). 18 mL of single layer graphene oxide dispersion (GO, ACS materials, 10 mg/mL) in water was diluted to form a GO suspension (180 mg of GO in 180 mL of ultrapure water). 2.5 mmols of cetyltrimethyl ammonium bromide (164 mg, Sigma Aldrich, CTAB) was added to the GO suspension and stirred for 2 h with a magnetic stirrer. Then the prepared Na 2 S x solution was added to the GOCTAB composite solution and stirred overnight. The asprepared Na 2 S x −GOCTAB composite solution was slowly added to 100 mL of 2.0 M formic acid (Aqua Solutions). During the acidification process, 20 mg of carbon nanotubes (CNT, OCSiAl) was dispersed in 10 ml water (2 mg/ml) using an ultra sonicator with the assistance of 0.5 wt.% triton X100 (Sigma). Two hours after the completion of the acidification reaction, the CNT dispersion was added into the acidified Na 2 S x −GOCTAB 
Material characterization
The morphology of the powdered samples was observed using a scanning electron microscope (SEM, ZEISS Gemini Ultra 55) at an accelerating voltage of 5 kV. TEM observation with EDS mapping for elemental analyses was carried out with Genesis series (EDAX) equipped in Tecnai G2 F30S TEM (300 kV, FEI). For a 2D map, the dwell time on each pixel was set to 500 μs.
Thermogravimetric analysis (TGA, TA Instruments Q5000) was used to determine the content of 
